Recently, the quaternary system PbTe-PbSe-PbS has been shown to provide high thermoelectric efficiency, zT. The intent of this research is to investigate the thermoelectric properties of Na-doped pseudoternary (PbTe) 0.65-x (PbSe) 0.35 (PbS) x with a high ratio of PbS to PbTe. The addition of a large concentration of PbSe increases the solubility limit of PbS in PbTe, allowing all samples to behave as solid solutions with a high concentration of PbS. This is proved to decrease lattice thermal conductivity due to the larger atomic mass contrast between Sulphur and Tellurium, however, simultaneously causes a decrease in the Seebeck coefficient due to a larger band offset, so a high concentration of PbS shows no improvement in zT, with a maximum of ~1.4 in the x = 0, 0.05 and 0.10 samples.
Introduction
Solid-state thermoelectric generators, which convert heat to electricity, have been identified as candidates for waste heat recovery 1 . The conversion efficiency is defined by the dimensionless thermoelectric figure-of-merit 2 / , where T is the operating temperature, S is the Seebeck coefficient, σ is the electrical conductivity, and κ is the thermal conductivity, consisting of the lattice and electronic components of the thermal conductivity, κ L and κ e , respectively. Alloying thermoelectric materials provides wide control of different material properties, including the thermal conductivity, structural properties, band gap, and carrier density which all contribute to the thermoelectric performance [2] [3] . Among the thermoelectric materials, lead chalcogenides have been shown to have high conversion efficiencies in the mid-range temperature region (~ 300 -600 °C) 4 . The high performance of PbTe is achieved by tuning the electronic structure near the Fermi level, manipulating and utilising the material's multiple bands, and altering the band gap [5] [6] . Several studies on PbTe alloys report a high figure-of-merit for the single phase ternary PbTe-PbSe system [7] [8] . Alloying PbTe with PbSe alters the convergence temperature of the light and heavy hole valence bands 9 . By having a higher convergence temperature than that of pure PbTe, the power factor is maximized at a higher temperature, resulting in a greater zT at ~ 580 °C. In the PbTe-PbS system, low thermal conductivity due to alloying, as well as nanostructuring, leads to high thermoelectric performance 10 . The reduction in thermal conductivity comes from phonon scattering at the interfaces of the secondary phases, as PbS shows very limited solubility in the PbTe matrix 11 .
The PbSe-PbS system has been researched 12 and has shown to decrease lattice thermal conductivity compared to the PbSe and PbS binary systems due to impurity scattering, however in extrinsic PbSe-PbS 2 this improvement does not lead to a higher zT than the PbTePbSe system due to a reduced power factor from a lower carrier mobility.
The ternary PbTe-PbSe and PbSe-PbS systems have unlimited solubility over the entire composition range and as such, are always solid solutions [12] [13] . Nevertheless, the components of the PbTe-PbS system show very limited solubility with respect to each other, and phase separation of PbS precipitates in the PbTe matrix on the PbTe-rich side of the phase diagram occurs via nucleation and growth. This behaviour is also observed in the quaternary system PbTe-PbSe-PbS, where the addition of PbS causes a secondary phase to appear 14 . A large amount of PbSe increases the solubility of PbS in PbTe 15 , allowing (PbTe) 0.65-x (PbSe) 0.35 (PbS) x samples to be still behave as solid solutions with a large concentration of PbS in the PbTe matrix. Single phase samples can maintain lower thermal conductivity, as PbS has a higher lattice thermal conductivity than PbTe, and a large volume fraction of PbS precipitates in multiphase samples results in an increase in the lattice thermal conductivity 5 .
Sodium is a commonly used p-type dopant for lead chalcogenides, 10, 14 and in heavily doped multiphase PbTe-PbS samples a large percentage of sodium will partition to the secondary PbS phase. This sodium segregation is detrimental to performance 4 , therefore, single phase sodium doped PbTe is of interest in order to maximize the power factor.
Synthesis of the quaternary PbTe-PbSe-PbS system with sodium doping enables a greater power factor, similar to that in the PbTe-PbSe system, although a decrease in the Seebeck coefficient is seen due to the increased concentration of PbS, decreasing the power factor overall. In addition to the power factor modification, a simultaneous decrease in lattice thermal conductivity, similar to that in the PbTe-PbS system, leads to an improved zT.
Experimental

Sample Fabrication
Pure PbS was fabricated by mixing a stoichiometric ratio of Pb (99.999%) and S (99.999%) and reacting at high temperature in an evacuated quartz ampoule, which is samples were fabricated by mixing a stoichiometric ratio of high purity Pb (99.999%), Se (99.999%), PbS, Te (99.9%), and Na (99.9%) in an evacuated carbon-coated quartz ampoule and heating to 1100° C. Samples were held at that temperature for 10 hours to homogenise the melt, followed by water quenching. These samples were then annealed at 550 °C for 72 hours. The resulting ingot was then hand ground into a fine powder and sintered using spark plasma sintering (SPS) under vacuum at an axial pressure of 40 MPa, 520 °C for 30 minutes.
Transport property measurements
The thermal diffusivity ( ) was measured using a Linseis LFA 1000 instrument with the laser flash method, and the thermal conductivity ( ) was calculated by . The density ( ) was calculated using the measured weight and dimensions of the sample, and the specific heat capacity ( ) was estimated using: The resistivity (ρ) and Seebeck coefficient (S) were measured in a Linseis LSR-3. The combined uncertainty for all measurements involved in zT determination is ~20%.
Hall measurements:
The low temperature (5 -400 K) Hall coefficient was measured using a Quantum Design Physical Properties Measurement System (PPMS-14T) up to 2T. The carrier concentration (n) is calculated from: n = 1/eR H , where e is the electronic charge and R H is the Hall coefficient.
Materials characterisation 2.4.1 X-ray diffraction
The crystallographic structure and composition were determined using X-ray diffraction (XRD) with a GBCeMMA X-ray diffractometer with Cu Kα radiation (λ = 1.544 Å, 40 kV, 25 mA). The lattice parameters were calculated using Rietveld analysis of X-ray diffraction patterns.
Electron microscopy analyses
To study the microstructures of compositions = 0.05 and x = 0.15 the samples were hot mounted in Struers Polyfast conductive resin. Samples were first mechanically polished down to a 1 µm surface roughness followed by fine polishing using cross-sectional ion milling on a Leica TIC -020 operating at 2 kV for 20 minutes.
Scanning electron microscopy (SEM) on the samples was conducted in a JEOL JSM 7001F microscope equipped with Energy Dispersive X-ray Spectroscopy (EDS). The conditions for analysis were set at 15 kV, ~5.1 nA probe current, and 10 mm working distance fitted with an Oxford Instruments Nordlys-II camera interfacing with the Aztec software suite.
Results/Discussion
The X-ray diffraction patterns of all the samples are shown in Figure 1 (a), which can be indexed to the NaCl type face-centred cubic (FCC) crystal structure, with no evidence of a secondary phase. As there is further alloying with PbS, the diffraction peaks are shifted to higher angles, as PbS has a smaller lattice parameter (5.36 Å) than both PbTe (6.46 Å) and PbSe (6.12 Å). Rietveld refinement was utilised to accurately determine the lattice parameters of the matrix by extrapolating from high angle diffraction peaks. The lattice parameter as a function of the PbS concentration is shown in Figure 1 (b). The lattice parameter decreases linearly with increasing PbS, following Vegard's law for solid solutions. The microstructures of samples x = 0.05 and 0.15 were studied via scanning electron microscopy (SEM) equipped with electron dispersive X-ray spectroscopy (EDS). Figure 2 are representative of microstructures found in sample x = 0.05
Micrographs in
and shows large variation in grain size comprising grains larger than 50 µm down to just a few microns. However, to the extent that SEM analysis permits no precipitates were found in the matrix. . The temperature dependence of the Hall coefficient for all the samples shows typical two-band behaviour 5 : at low temperatures, R H is roughly constant, as the majority of the holes are located in the higherenergy-level L valence band [16] [17] ; at temperatures above ~100 K, a significant upturn in R H is observed, due to an increased contribution to the electronic conduction by the Σ band, as, above this temperature, holes are able to populate both valence subbands. Table 1 shows that the addition of PbS (band gap, E g = 0.37 eV) to PbSe (E g = 0.27 eV) and PbTe (E g = 0.29 eV) increases the band gap of the alloy 15 . An increase in band gap delays the maximum Seebeck value to a higher temperature 20 , and in the PbTe-PbSe system, allows the compound to reach a higher maximum Seebeck value due to the altered band structure 7 , although in the current set of samples, where the ternary system of (PbTe) 0.65 (PbSe) 0.35 compound is alloyed with PbS, the Seebeck coefficient values are decreased by alloying at a constant Na dopant concentration (1 at.% Na). This follows from the results seen previously in Figure 4(b) , where an increased band offset decreases the effective mass and leads to the decrease in the Seebeck coefficient. 
Composition
Carrier concentration (cm The room temperature Seebeck coefficient and resistivity were measured using homebuilt devices. The resistivity apparatus uses the van der Pauw method. The results in Table 2 show that the Seebeck coefficient decreases from ~50 µV/K to ~38 µV/K with added PbS and that there in an increase in the resistivity with additional PbS content at higher concentrations (x = 0.15, x = 0.20.) There is good agreement with the results from both the room temperature data obtained from the home-built devices (Table 2 ) and results obtained from the Linseis LSR ( Figure 4 ). , which has a maximum zT of ~1.5 for 5% PbS, shows that there is no significant improvement in zT by alloying the PbTe-PbSe system with a larger percentage of PbS. 
Conclusion
The maximum zT value for all the (PbTe) 0.65-x (PbSe) 0.35 (PbS) x (x = 0, 0.05, 0.10, 0.15, 0.20) samples is ~1.4 at 850 K for three different samples (x = 0, 0.05, and 0.10). This is slightly lower than for similarly alloyed systems with 10% PbSe 11 , although this is advantageous, as tellurium is a rare element and, as such, is increasing in value, so replacing it with sulphur without any significant detriment to the overall performance represents progress towards lower tellurium concentrations in thermoelectric materials.
